In the Next-to-Minimal Supersymmetric Standard Model (NMSSM) a variety of parameter configurations yields a Higgs boson consistent with the one observed at the LHC. Additionally, the Higgs sector of the model can contain explicit CP-violating phases even at the tree level, in contrast with the Minimal Supersymmetric Standard Model (MSSM). In this article we present the one-loop Higgs boson mass matrix of the complex NMSSM in the renormalisation-groupimproved effective potential approach. We also present the trilinear Higgs boson self-couplings as well as various partial decay widths of a generic CP-mixed Higgs boson in the model. We then analyse a very interesting phenomenological scenario wherein the decay of a relatively light pseudoscalar-like Higgs boson into ∼ 125 GeV SM-like Higgs boson(s) is induced by non-zero CP-violating phases. We discuss in detail a few benchmark cases in which such a decay can contribute significantly to the production of SM-like Higgs bosons at the LHC on top of the gluon fusion process. It can thus be partially responsible for the γγ excess near 125 GeV due to the subsequent decay of the SM-like Higgs boson. Such a scenario is extremely difficult to realize in the complex MSSM and, if probed at the LHC, it could provide an indication of the non-minimal nature of supersymmetry.
Introduction
The new particle with mass around 125 GeV first observed by the CMS and ATLAS experimental collaborations at the Large Hadron Collider (LHC) in July 2012 [1, 2] seems to be increasingly consistent with the Higgs boson of the Standard Model (SM) [3, 4, 5] . However, there is growing evidence from other collider experiments as well as from astroparticle physics and cosmology that the SM fails to provide a complete description of nature and that there must lie physics beyond it. One of the most important yet unresolved issues in particle physics is that of CP violation. Although it was first discovered experimentally [6] many decades ago, its only source in the SM [7] does not prove sufficient to explain the observed baryon asymmetry in the Universe. Therefore, a variety of sources of CP violation beyond the SM have been proposed in the literature (for a review, see [8] and references therein), but these remain hidden to this day.
In models with supersymmetry (SUSY), the soft masses and couplings of the superpartners of SM particles as well as the soft Higgs sector parameters can very well be complex and can thus explain baryogenesis by generating the desired amount of CP-violation. The Higgs sector of the discovery. The reason is that it is very much probable for the lighter of the two pseudoscalar-like Higgs bosons to have a mass ∼ 250 GeV, particularly when one of the scalar-like Higgs bosons is required to have SM-like γγ and ZZ signal rates and a mass near 125 GeV. Such a mass would result a much larger branching ratio (BR) of this Higgs boson into a pair of the SM-like Higgs bosons compared to that of the other, typically much heavier, scalar-like Higgs bosons, despite a relatively much smaller trilinear coupling.
However, despite having a large BR into lighter Higgs bosons, the above mentioned ∼ 250 GeV boson can be very difficult to produce at the LHC on account of being singlet-like and thus having a considerably reduced coupling to two gluons. Therefore, the relative probability of its production in the gluon fusion mode also needs to be taken into account in the above scenario. For this purpose, we define an auxiliary signal rate, similar to the conventional 'reduced cross section', which quantifies the contribution of the ∼ 250 GeV boson to the production of the SM-like Higgs bosons, decaying eventually into photons pairs, at the LHC. We then select representative points from three distinct regions in the cNMSSM parameter space wherein the ∼ 125 GeV SM-like Higgs boson is either h 1 or h 2 , the lightest and next-to-lightest of the five neutral Higgs bosons, respectively, to investigate our scenario of interest. We discuss in detail the impact of the variation in the most relevant of the CPV phases on our auxiliary signal rate in each of these cases. We conclude that for large values of the phase, this rate can become quite significant, reaching a few tens of percent of the direct production rate of the SM-like Higgs boson in the gluon fusion channel.
The article is organised as follows. In the next section we will give details of the cNMSSM Higgs mass matrix at the tree level and the one-loop as well as logarithmically enhanced dominant two-loop corrections to it. In Sect. 3 we will present the expressions for the trilinear self-couplings of the Higgs bosons and will also define notation for their couplings to other model particles. In Sect. 4 we will provide detailed expressions for all possible two-body partial decay widths of the Higgs boson in the presence of CPV phases. In Sect. 5, after discussing at length our scenario of interest, we will present our numerical results for the three points investigated. We will summarise our findings in Sect. 6.
Higgs sector of the cNMSSM
As noted in the introduction, the NMSSM contains a singlet Higgs superfield, S, besides the two MSSM SU (2) L doublet superfields,
The scale-invariant superpotential of the cNMSSM is thus written as
where λ ≡ |λ|e iφ λ and κ ≡ |κ|e iφκ are dimensionless complex Yukawa couplings. The second term in the above superpotential replaces the Higgs-higgsino mass term, µ H u H d , of the MSSM superpotential and the last cubic term explicitly breaks the dangerous U (1) P Q symmetry, introducing in turn a discrete Z 3 symmetry. Upon breaking the electroweak symmetry, the singlet field acquires a vacuum expectation value (VeV), s, naturally of the order of the SUSY-breaking scale, M SUSY , and an effective µ-term, µ eff = λs, is generated.
Tree level Higgs potential and mass matrix
The superpotential in Eq. (2) leads to the tree level Higgs potential containing the D-, F -and soft SUSY-breaking terms: 
where g 2 ≡ g 2 1 +g 2 2 2 , with g 1 and g 2 being the U (1) Y and SU (2) L gauge couplings, respectively, and A λ ≡ |A λ |e iφ A λ and A κ ≡ |A κ |e iφ Aκ are dimensionful soft SUSY-breaking trilinear couplings. These, along with λ and κ, are the only complex parameters appearing in the tree level Higgs potential, since the soft SUSY-breaking masses m 2 Hu , m 2
and m 2 Hu are real. In order to obtain the physical Higgs states, the above potential is expanded around the VeVs of the three Higgs fields as
The potential in Eq. (3) then has a minimum at non-vanishing v u , v d and s only if the following so-called tadpole conditions are satisfied:
where we have defined
RG-improved one-loop effective potential
The one-loop corrections to the effective potential are given by the Coleman-Weinberg formula (in the DR scheme with an ultraviolet cutoff M 2 SUSY ) as
As a result of these corrections the Higgs mass matrix gets modified so that
In the following we present analytical expressions for the corrections ∆M 2 eff above. These corrections have been adopted from [20] and modified to explicitly include the CPV phases. They are thus of the same order as those implemented in the publicly available package NMSSMTools-v3.2.4 [33].
Top and bottom squark contributions
Some of the radiative corrections due to the stop and sbottom loops can be accounted for by the following shift in the Higgs mass matrix:
where
are the Yukawa couplings of top and bottom quarks, with m t and m b being their respective masses. Note that these Yukawa couplings have complex phases in general. However, we assume them to be real, since their non-zero phases can always be reabsorbed by redefining the quark fields [7] when generation mixing is neglected, which is the case here. A t ≡ |A t |e iφ A t and A b ≡ |A b |e iφ A b are the complex soft SUSY-breaking counterparts of these Yukawa couplings for the top and bottom squarks, respectively.
The above shift results in the redefinition of the parameters R and I given in Eq. (7) and a subsequent improvement in the relation between the latter and I λ given in Eq. (9) . It also takes care of the ∼ h 4 t,b radiative corrections to
where |µ| ≡ |µ eff |/ √ 2 = |λ|s(Q)/ √ 2, m t and m b are the masses of t and b quarks, respectively, and the squark masses mq are given in Appendix A. Also in the above equations
and the quantities Lf , Lf f , f f and g f are given in Appendix B. M 2 SP also receives the corresponding corrections given as
There are additional D-term contributions which are quite involved but do not give large logarithms since the squarks are assumed to have masses close to the ultraviolet cutoff M 2 SUSY . These corrections are given for M 2 S as
where again the quantities C f and D f are defined in Appendix B, and for M 2 SP as
Finally, neglecting all terms without two powers of large logarithms, the dominant two-loop squark contributions to the effective potential can be obtained by integrating the relevant RG equations. These contributions are given as
Chargino/neutralino, gauge boson and dominant stau contributions
Again, some of the radiative corrections due to the chargino/neutralino loops can be described by an additional shift in A λ on top of the corrections in Eq. (16),
where M 1 and M 2 are the soft gaugino masses, which are taken here to be real. The logarithm 
where |ν| ≡ |κ|s(Q)/ √ 2 and m Z is the mass of the Z boson. The corresponding corrections to M 2 SP are given as
The contributions from gauge bosons can be conveniently written as
in terms of the auxiliary quantity
Finally, staus can be considerably lighter than the third generation squarks and hence can give comparatively larger D-term contributions which are written as
where, assuming a common stau mass, mτ ,
with θ W being the weak mixing angle.
Wave function renomalisation
As mentioned earlier, the elements of the loop-corrected Higgs mass matrix obtained so far contain
and s(Q) defined at the scale Q 2 = M 2 SUSY . These VeVs are related to the VeVs of the properly normalised Higgs fields (i.e., after the addition of quantum effects with Q 2 < M 2 SUSY ) as
, are the wave function renormalisation constants. These constants multiply the kinetic terms in the effective action and their explicit forms are given in Appendix B.
The elements of the Higgs mass matrix, therefore, have to be rescaled by appropriate powers of these renormalization constants as
This rescaling then takes care of further contributions of the order g 2 h 2 t,b to the Higgs mass matrix.
Physical Higgs boson masses
To obtain the physical mass eigenstates the 6 × 6 Higgs mass matrix M ′ 2 H can be diagonalised using the orthogonal matrix O as
However, one of the resulting states corresponds to a massless Nambu-Goldstone (NG) mode, G. In order to isolate this NG mode, a β rotation of M 2 P is carried out, before the above diagonalisation,
In the new basis, h T ≡ (H dR , H uR , S R , H I , S I ), after dropping the NG mode, the tree level pseudoscalar block in Eq. (10) gets replaced by
, and the off-diagonal CP-mixing block gets replaced by
The radiatively corrected Higgs mass matrix in the new basis can be obtained by similarly β-rotating the mass matrix given in Eq. (31) as
The effective potential masses of the neutral Higgs bosons are then obtained by diagonalising the above 5 × 5 mass matrix as
For Higgs boson pole masses the approximate expression obtained in [20] can be extrapolated to the cNMSSM as
where the function B(M 2 , m 2 ) is defined as
In the case of the charged Higgs states, a β rotation is also carried out for isolating the NG modes. The corrections to the charged Higgs boson mass, of the order h 4 t,b and those induced by chargino/neutralino, gauge boson and slepton loops give rise to some additional terms on top of the shifts of A λ described earlier. After including these corrections and β-rotating, the mass of the physical charged Higgs boson is given as
where the rescaling by the wave function normalisation constants has been taken care of. The pole mass of the charged Higgs boson is then obtained as
Trilinear Higgs boson self-interactions
The complete NMSSM Lagrangian contains the interaction terms of the Higgs bosons with the fermions, scalars and vector bosons as well as with each other, from which the corresponding couplings can be obtained. In table 1 we summarize various Higgs boson couplings which will be used in the expressions for neutral Higgs boson decay widths in the next section. The analytical formulae for these couplings in the cNMSSM, with the exception of the Higgs boson self-couplings, can be found in [32] . The couplings between three neutral Higgs bosons, obtained from the potential in Eq. (3), are given as
with O xy being the elements of the Higgs mixing matrix defined in Eq. (32) . The couplings of the neutral Higgs bosons to a pair of charged Higgs bosons are similarly given as
Neutral Higgs boson decays
In this section, we present the analytical expressions for the decay widths of the cNMSSM Higgs bosons into pairs of fermions, massive gauge bosons, sfermions, photons, gluons and lighter Higgs fermion pair bosons as well as into a lighter Higgs and massive gauge boson pair. These expressions have mostly been adopted from [34] and follow the notation therein. For the decay modes involving an off-massshell gauge boson, three-body decays are described following [35] .
The decay width of a Higgs boson into two fermions is given as
where • h → V V The decay width into two massive gauge bosons is given as
Below the V V threshold, when one of the gauge bosons is off mass shell, the three-body decay width of a Higgs boson is given as
where δ ′ W = 2, δ ′ Z = 7/12 − 10 sin 2 θ W /9 + 40 sin 4 θ W /27 and
The decay width of a Higgs boson into two scalar particles, including sfermions and lighter Higgs bosons, is written as
) and κ ai = m 2
•
The decay width of a Higgs boson into a lighter Higgs and Z boson pair is given as
where the function λ ′ (x, y; z) = (1 − x/z − y/z) 2 − 4xy/z 2 . Below the threshold for the above process, the three-body decay width is given as
where the generic functions G ij can be written as
using the parameters
• h → Zγ
The decay width of a Higgs boson into a Z boson and photon pair is given by
In the above expression the scalar and pseudoscalar form factors, retaining only the dominant loop contributions, which include those from t and b quarks, W ± and H ± , are given by
where Q f is the electric charge of the fermion f and I 3f is the third component of its isospin. The functions I 1,2 are defined as
with
• h → γγ
The decay width into two photons is given as
where α is the fine-structure constant. The scalar and pseudoscalar form factors, retaining only the loop contributions from W ± , H ± and the dominant ones from (s)fermions, are given by
The form factors F sf , F pf , F 0 and F 1 in the above equations are given as
in terms of the scaling function f (τ ) written as
• h → gg
The decay width of a Higgs boson into two gluons is given by
where α S is the strong coupling constant and the scalar and pseudoscalar form factors, retaining only the contributions from third generation (s)quarks, are given by
with functions F sf , F pf and F 0 , being the same as for the γγ mode above. K g S,P in Eq. (65) are QCD loop enhancement factors that include the leading-order QCD corrections. In the heavy-quark limit, the factors K g H,A are given by [36] 
where N F is the number of quark flavours lighter than the h a boson.
Novel heavy Higgs boson decays into SM-like 12GeV states
In this section we discuss a cNMSSM scenario which, if probed at the LHC, could provide an indication of not only the existence of CP violation in the Higgs sector but also of a non-minimal nature of SUSY. For a numerical analysis of this scenario, we use a fortran program (available on request) in which the Higgs mass matrix calculated above has been implemented along with other SUSY mass matrices (given in Appendix A). This program computes the particle mass spectrum for a given set of the cNMSSM input parameters defined at M SUSY . In addition, all the expressions for decay widths, as given in the previous section, have been implemented in the program, enabling it to also calculate Higgs boson BRs in various decays modes. In the current version of the program, QCD corrections have been included only in the decays into quarks and gluons via K-factors, as noted in eqs. (46) and (67) respectively. In the CPC limit, the Higgs boson masses and BRs have been compared with those given by NMSSMTools-v3.2.4 [33] (with the flag for precision in the calculation of Higgs boson masses set to the default value of 0). While the mass calculations have been found to differ by ∼ 1% at the most between the two programs, the differences in BRs can reach as high as ∼ 5% for some points. This is mainly because of a more robust treatment of QCD corrections in NMSSMTools, which is not straightforwardly extendable to the CPV case. We also note here that the extension of further corrections to the Higgs boson masses, those from Higgs loop contributions and those calculated in [37] for the real NMSSM (included in NMSSMTools by setting the Higgs boson mass precision flag to 2), to the cNMSSM in the effective potential approach is a work in progress. However, while such improved precision may slightly alter the regions of the model parameter space yielding the correct mass of the signal candidate Higgs boson, the results obtained here for our scenario of interest, which is a generic feature of the cNMSSM, should still largely be valid in those regions.
Our package also tests the output of a given point in the cNMSSM parameter space against the constraints from the direct searches of the SM (and SUSY) Higgs boson(s) as well as third generation squark, stau and light chargino at the large electron positron (LEP) collider. Although no limits from b-physics, LHC SUSY searches or from relic density measurements have so far been implemented in the package, in our current analysis we confine ourselves to points from among those which have been found to best comply with such constraints (see, e.g., [22, 23, 38, 39] ).
In the experimental searches the magnitude of the signal is typically characterized by the 'signal strength', µ(X) ≡ σ obs (X)/σ h SM (X), where h SM implies a SM Higgs boson with a mass equal to the measured one of the observed boson decaying via a given channel X. The theoretical counterpart of this quantity, sometimes referred to as the reduced cross section, for a Higgs boson, h i , produced in the dominant gluon fusion mode is given as
To a good approximation, the ratio of the production cross sections σ of h i and h SM in the above expression can be substituted by the ratio of their respective decay widths into two gluons. We, therefore, redefine the reduced cross section as
which is calculated by the program for each of the Higgs bosons of the model. For the Higgs bosons that are assumed to have escaped detection so far, R h i (X) is tested against the LHC exclusion limit on µ(X) wherever it is available for a given decay channel. In case two Higgs bosons of the model are so close in mass that the event excesses due to each of them cannot be independently resolved by the experiment, R h i (X) is simply taken to be the sum of their individual reduced cross sections.
As noted earlier, the presence of non-zero CPV phases in the Higgs sector of the NMSSM can result in some unique scenarios which are not possible when CP is conserved. In particular, a decrease in the mass of a given Higgs boson with a variation in CPV phases can result in the kinematical opening of new decay channels. Conversely, a gradual decrease in the Higgs boson mass can result in the closing of a particular decay channel beyond a certain value of a given CPV phase, thereby causing a notable reduction in its total width and a deviation in its BRs from the CPC case. Indeed such deviations were observed for a ∼ 125 GeV SM-like Higgs boson in [27] , owing sometimes to the contribution of the CPV phases to the gaugino masses also besides the Higgs boson mass itself. Another crucial possibility arises due to the fact that the Higgs mass eigenstates do not carry a definite CP assignment for non-zero CPV phases. Hence, couplings between pseudoscalar and scalar states which are forbidden in the CPC limit become possible upon the introduction of such phases, resulting in some 'unconventional' Higgs boson decays.
In the NMSSM, in analogy with the decoupling regime of the MSSM, when one of the CP-even Higgs bosons is required to have exactly SM-like couplings and a mass around 125 GeV the other doublet-like scalar and pseudoscalar Higgs bosons are typically very heavy, 500 GeV. In this case a correlation exists between the masses of the light doublet-like and the singlet-like scalar Higgs bosons such that the latter is either lighter than the former, in a small portion of the parameter space, or decoupled like the other heavy doublet-like Higgs bosons. On the other hand, the mass of the singlet-like pseudoscalar, typically a 1 , approximated at the leading order (for large tan β) by
can vary much more freely depending on the size of the parameter A κ , with marginal effect on the masses of the other Higgs bosons. It is thus possible for a 1 to have a mass close to twice that of the SM-like Higgs boson. Note also the fact that the partial decay width of a given Higgs boson, h a , into two lighter Higgs bosons, given in Eq. (51), is inversely proportional to m ha . Hence, when CPV phases are turned on, the decay amplitude of a (now CP-indefinite) ∼ 250 GeV Higgs boson into a pair of SM-like Higgs bosons is non-vanishing. Evidently, lower mass of a 1 also implies the availability of more, albeit still rather small, phase space for its production. In the following we will further discuss the representative points of three benchmark cNMSSM parameter space cases wherein not only a SM-like ∼ 125 GeV Higgs boson but also the above mentioned ∼ 250 GeV Higgs boson can be obtained. We will analyse in detail the impact of variation in the CPV phase φ ′ κ (we fix ϕ to 0 • so that φ ′ κ = φ κ ) 1 on the properties of the relevant Higgs bosons for these points. We should indicate here that the chosen points exhibiting our scenario of interest are indeed not isolated ones and dedicated scans of their neighbourhoods in the model parameter space should reveal many more similar points. However, such scans are beyond the scope of this article since our aim here is to highlight some specific characteristics of the parameter regions yielding our representative points, rather than to map out their sizes. For convenience, we shall refer to the singlet-like pseudoscalar(-like) Higgs boson generically as h p , to the ∼ 125 GeV SM-like Higgs boson as h d and to the other singlet-dominated scalar(-like) boson as h s henceforth.
In principle, since the coupling of h p to a pair of h d is only induced by CPV phases one can expect the corresponding partial decay width and BR to be minimal. However, as noted above, [27] . However, since φ ′ κ is virtually unconstrained by the measurements of fermionic EDMs [32, 30] , we only vary this phase in our analysis. Also, since φA 0 does not contribute directly to the Higgs-to-Higgs decay width, its relevance to our scenario under consideration is minimal.
the fact that the mass of h p lies much closer to the h d h d production threshold than that of the heavy doublet-like Higgs bosons is crucial and provides a unique possibility in the context of Higgs boson phenomenology at the LHC. Therefore, for quantifying the magnitude of the process where h p produced via gluon fusion decays into one or more h d which subsequently decay in the channel X, we compute, following Eq. (69), the auxiliary quantity (γγ) are by definition zero in the CPC limit. We stress here that the above expression gives only a crude estimate of diphoton production rate via this channel, since the incoming gluons will require a larger momentum fraction for producing the heavier h p than for h SM and thus their structure functions will differ. However, while a calculation of the actual total cross section for the process h p → h d h i → X 1 X 2 is needed for an accurate estimate of its significance at the LHC, the above expression provides a reasonably good approximation since h p in our scenario of interest is not much heavier than h d . Evidently then, such an auxiliary signal rate cannot be defined for the other, much heavier, Higgs bosons of the model.
Furthermore, in our analysis below we will compute R h d (X), defined in Eq. (69), for X = γγ, ZZ, τ + τ −2 for each benchmark case as a measure of the deviation of h d from SM-like properties. R h d (X) = 1 thus implies that h d has an exactly SM-like signal strength in the channel X. As for the SUSY inputs, we will impose the mSUGRA-inspired unification conditions,
are the soft SUSY-breaking squared masses of the third generation squarks and sleptons, respectively. Finally, we will fix sign[cos(φ λ +φ A λ )] = sign[cos(φ κ + φ Aκ )] = +1.
h 1 = h d
We first discuss the case when the lightest Higgs state, h 1 , is SM-like while h p is the second lightest of the five neutral Higgs states of the model, hence corresponding to h 2 . As a representative of this case we choose the point P1, given in table 2, in the cNMSSM parameter space. This point yields h d around 125 GeV in the CPC limit, with almost exactly SM-like signal strengths in the γγ, ZZ and τ + τ − channels, despite a non-vanishing λ and, hence, singlet component (such a NMSSM Higgs boson has been discussed in [43] ). In panel (a) of figure 1 we show the auxiliary signal rates A Table 2 : Values of the cNMSSM parameters corresponding to the three benchmark cases discussed in the text. All dimensionful parameters are in units of GeV.
and A hp d (bb) with φ κ is a twofold consequence of the gradual increase in the gluonic width of h p and an increase in its BR into the h d pair. The reason for the cutoff in the line is that beyond φ κ = 29 • the minimization condition given in Eq. (9) is not satisfied any more.
In panel (b) we show the signal strength of h p , produced via gluon fusion, in the γγ, ZZ and τ + τ − decay channels. We note that although there is a considerable rise in R hp , particularly in the γγ and ZZ channels, with an increasing amount of CP violation, these rates barely exceed the per mil level for allowed values of φ κ . This is due to the fact that h p has a significantly reduced coupling to two photons compared to that of a SM Higgs boson with the same mass. In panel (c) there are shown the dominant BRs of h p against its mass, with φ κ increasing from left to right. This plot demonstrates the main reason of large auxiliary signal rates of h p for non-zero φ κ , as observed above. We see that as soon as the process h p → h d h d is allowed, it becomes one of the dominant decay modes of h p , with BR reaching up to ∼ 0.23. However, it is still not the most dominant decay mode due to the fact that h p develops non-zero couplings also to gauge boson pairs. Therefore, the decay h p → W + W − has the highest BR for non-zero φ κ , while the BR of h p into ZZ also lies close to that into h d h d . As a result, the decay modes h p → bb and h p → τ + τ − , which had the highest and second highest BRs, respectively, in the CPC limit, become very subdominant. Since there is a negligible increase in the mass of h p with increasing φ κ , all the above BRs remain almost constant over the entire allowed range of this phase.
Finally, in panel (d) we show the signal strengths of h d in the γγ, ZZ and τ + τ − channels plotted against its mass. With increasing φ κ (again, from left to right) m h d falls slowly. It reaches ∼ 125 GeV for φ κ = 29 • , hence becoming more consistent with the mass measurements at the LHC [44, 45] (which, nevertheless have appreciable experimental errors). We see in the figure that the signal strengths of h d in all three decay modes considered are very SM-like in the CPC limit and show a very slow drop with increasing φ κ .
h 2 = h d
As stated in the Introduction, in the NMSSM the h 2 (the second lightest scalar in the CPC limit) can also be the ∼ 125 GeV SM-like Higgs boson with the h 1 corresponding to h s . Below, we discuss two distinct cases, based on the compositions of h 1 and h 2 , in which this possibility is realised.
Small singlet-doublet mixing: For small λ, κ and µ eff but intermediate-to-large tan β, h 2 is still doublet-dominated and hence possesses very SM-like couplings to fermions and bosons. In this case, due to a smaller VeV s resulting from a lower value of µ eff (recall that µ eff = λs) compared to the case discussed above, the mass of the singlet-like scalar Higgs boson falls below that of h d . In fact, owing to a highly dominant singlet component, m hs can reach very low values, ∼ 40 GeV, before it violates the LEP limit on hZ production [46] . This effectively bounds m hp , which grows with increasing A κ while m hs falls, from above. Thus it is extremely difficult for A κ and, resultantly, 
(c) is shown for the second Higgs boson, h s , produced along with h d against φ κ . The auxiliary rate via this Higgs boson is always lower than that of h d on account of its being singlet-dominated and hence coupling very weakly to matter. In panel (c) we show the direct production signal rates of h p in the γγ, ZZ and τ + τ − channels against φ κ . While R hp (γγ) and R hp (ZZ) remain almost of the same order as the auxiliary rate via h d , R hp (τ + τ − ) rises much more briskly with increasing φ κ and reaches the per mil level for φ κ ∼ 40 • .
The reason for the sudden drop in the various signal rates of h p after φ κ = 40 • becomes obvious from panel (d), where we show its dominant BRs plotted against m hp . In contrast with the first case above, even when the h p → h d h s decay channel opens up for non-zero φ κ , it remains very subdominant, with BR still smaller than that for the h p → bb mode. We see in the figure that for small non-zero values of φ κ the decay mode h p → W + W − is clearly the most dominant one, with BR as high as ∼ 0.7, while h p → ZZ is the second most dominant mode. With increasing φ κ (left to right) m hp falls negligibly, but just before it reaches 187.86 GeV, the BR(h p → χ 1 χ 1 ) suddenly shoots up. This is a consequence of the fact that m χ 1 also falls sharply as φ κ is increased, so much so that for φ κ > 40 • χ 1 becomes light enough to make the decay of h p into its pair possible kinematically. Resultantly, beyond φ κ = 40 • all the hitherto dominant decay modes, h p → W + W − , h p → ZZ and h p → bb, become more and more subdominant while the BR(h p → h d h s ) falls even further.
The above discussion of the behaviour of various BRs of h p has an important implication, that χ 1 , at least for large values of φ κ , is highly singlino-dominated. It should, therefore, be extremely difficult to be probed at a direct detection experiment for dark matter, such as XENON [47] . In panel (e) we show the signal strengths of h d against its mass for this case. The mass m h d increases slowly with increasing φ κ , conversely to P1, while R h d (ZZ) and R h d (γγ) fall gradually. These two rates never drop below 0.9 and hence always lie well within the experimental uncertainties around the measured central values at the LHC. R h d (τ + τ − ), on the other hand, is always much higher than R h d (ZZ) and R h d (γγ) and closer to 1 for all values of φ κ . Finally, in panel (f) there are shown the signal strengths of the accompanying h s in the same three decay channels. Conversely to the h d rates, R hs (τ + τ − ) is much lower than R hs (ZZ) and R hs (γγ), with all these rates lying just above the percent level for φ κ = 0 • . The rates rise slowly with increasing φ κ until it reaches 40 • , after which they become almost steady.
Large singlet-doublet mixing: It was noted in [22] that, for large λ and κ and small tan β and µ eff , h 2 in the NMSSM (again, h d here) can have a considerably enhanced γγ rate compared to h SM , due mainly to the reduced coupling and consequently reduced BR(h d → bb). This scenario, in which the h 1 (h s here) has a mass lying just below m h 2 [23] and the lightest stop can have a mass significantly below 1 TeV [39] , is sometimes referred to as the 'natural NMSSM' [48] . To discuss the impact of a light h p on such a scenario in the cNMSSM we choose the point P3, given in table 2.
Unlike in the second case discussed above, in this case h p can easily have a mass more than twice that of h d , implying that its decay into these two BRs reaches a value even as high as 0.04, even though they still yield significant A hp (γγ) rates as noted above. The BR(
• , but becomes subdominant for larger φ κ , owing to the fact that m hs starts falling faster than m h d . The reason for small BRs of h p in these two decay modes becomes clear, once again, when one looks at the other BRs, shown in panel (e) against m hs . We see in the figure that the BR(h p → χ 1 χ 1 ) is always highly dominant. In fact for φ κ = 0 • h p almost always decays into a pair of χ 1 . With increasing φ κ m hs starts falling and, consequently, the BR(h p → h s h s ) starts rising. At the same time the BR(h p → W + W − ) and the BR(h p → ZZ) also rise slowly, while the BR(h p → χ 1 χ 1 ) drops sharply, although it still remains the most dominant one for almost the entire allowed range of φ κ . Only for φ κ = 5 • the BR of hitherto the third dominant decay mode, h p → W + W − , rises slightly above the BRs of both h p → χ 1 χ 1 and h p → h s h s and becomes the most dominant one, ∼ 0.3.
Finally, in panel (f) we show the signal strengths for both h d and h s in the γγ, ZZ and τ + τ − channels against their respective masses for this case. We see that m h d falls quite sharply with increasing φ κ , again in contrast with the earlier cases, which is one of the reasons for φ κ being restricted to values of O(1), as noted earlier.
when CP is conserved but it also behaves quite differently with increasing φ κ . R h d (γγ), already significantly above 1 in the CPC limit, slowly increases further with increasing φ κ while R h d (ZZ), also slightly above 1 initially, grows more SM-like by falling slowly. Expectedly, R h d (τ + τ − ) is already below 1 in the CPC limit owing to the large singlet component of h d and, consequently, a reduced coupling to fermions. It falls further with increasing φ κ and deviates considerably from a SM-like rate for the maximum allowed value of the phase. As for h s , its mass also drops with increasing φ κ but its signal rates in the three decay channels considered rise continuously. In fact, R hs (τ + τ − ) reaches as high as ∼ 0.5 for φ κ = 5 • while R hs (γγ) and R hs (ZZ) also reach up to 0.2.
One may thus deduce in this case that non-zero values of φ κ are already tightly constrained by the LHC Higgs boson data. The is due to the dual fact that such values push R h d (γγ), which is already on the larger side in the CPC limit, upward, and R h d (τ + τ − ), which is already on the smaller side in the CPC limit, further downward. However, it should be noted that any further enhancement in the γγ rate is only slight with increasing φ κ , particularly for φ κ < 4 • , so that it is still consistent with the ATLAS measurement, µ(γγ) = 1.6 ± 0.3) [45] . The same can be said for the signal strengths of h d and h s in the
is still large (small) enough to be consistent with (excluded by) the LHC data, taking into account the experimental errors on the measurements. Nevertheless, of the three cases discussed here, while this case presents the possibility of the largest contribution by h p to h d production at the LHC, it is the weakest in that the signal strengths of the Higgs bosons predicted by it lie at the verge of being excluded.
Summary and outlook
In this article we have presented the one-loop Higgs mass matrix of the complex NMSSM in the RG-improved effective potential approach, along with the expressions for Higgs boson trilinear selfcouplings. We have then highlighted a scenario, precluded in the MSSM, wherein the decay of a pseudoscalar-like Higgs boson into 125 GeV Higgs bosons is induced by non-zero values of the CPV phase φ κ . We have noted that, when one of the scalar Higgs bosons is required to have a SM-like signal rate, it is relatively easy for the mass of the singlet-pseudoscalar-like Higgs boson to be near ∼ 250 GeV compared to the other heavy Higgs bosons of the model. The fact that the decay width of a heavy Higgs boson into two lighter ones is inversely proportional to its mass renders such a ∼ 250 GeV Higgs boson particularly interesting as well as relevant for the phenomenology of the SM-like Higgs boson in the model.
We have analysed three benchmark cases corresponding to different parameter configurations in the NMSSM which generate a ∼ 125 GeV SM-like Higgs boson and a pseudoscalar near 250 GeV. In our analysis the impact of non-zero CPV phases in each of these cases is quantified in terms of an auxiliary signal rate A hp (γγ). This approximate quantity assumes that the ∼ 250 GeV pseudoscalar-like Higgs boson is produced in the gluon fusion mode at the LHC and decays into a (pair of) SM-like Higgs boson(s), one of which subsequently decays into a photon pair. By calculating this auxiliary rate in each case studied, we have deduced that such a ∼ 250 GeV Higgs boson can generally contribute significantly to the production of SM-like Higgs bosons at the LHC for large CPV phases. In fact, in one of the cases discussed, the auxiliary signal rate for this Higgs boson can be as high as 25% of the observed γγ rate.
Evidently, a calculation of the total cross section for our considered process is essential to draw concrete inferences about its observability or significance at the LHC. In this regard, a calculation of higher order corrections to the Higgs trilinear couplings in the complex NMSSM, following those derived in [49] for the real NMSSM, could prove crucial. Furthermore, a detailed study of the signal topologies in various channels due to the production of multiple Higgs bosons, in line with the ones studied recently in [48, 40, 50] , is also in order. For this purpose, we eventually aim to embed the cNMSSM in a publicly available tool such as CalcHEP [51] to make possible the calculation of actual cross sections in this model. Our current analysis, nevertheless, serves as a clear and timely demonstration of the fact that CP violation in the Higgs sector can be a very important probe of new physics at the LHC. Of particular relevance here is the observation that the ∼ 250 GeV Higgs boson mostly has a very poor signal strength when decaying itself into a photon pair but a large BR into lighter Higgs bosons for non-zero CPV phases. Thus, the already observed SM-like Higgs boson could provide an important, and possibly the only, handle on such a beyond-the-SM (and MSSM) scenario.
• The Higgs wave function renormalisation constants for the three weak eigenstates H u , H d and S are given, in the Landau gauge, as
